The ability to genetically modify mesenchymal stem cells (MSCs) seeded inside synthetic hydrogel scaffolds would offer an alternative approach to guide MSC differentiation. In this report, we explored gene transfer to MSCs seeded on top, or inside matrix metalloproteinase (MMP) degradable hydrogels that were loaded with DNA/poly(ethylene imine) (PEI) polyplexes. DNA/PEI polyplexes were encapsulated inside poly(ethylene glycol) (PEG) hydrogels crosslinked with MMP degradable peptides via Michael Addition chemistry. Gene transfer was visualized and quantified through using a vector encoding for green fluorescent protein and luciferase. We found that gene transfer to MSCs was possible for cells seeded both in two and three dimensions. The amount of luciferase expression was similar for cells seeded in two and three dimensions even though the number of cells in three dimensions is significantly higher, indicating that gene transfer to cells seeded in two dimensions is more efficient than for cells seeded in three dimensions. The use of hydrogel scaffolds that allow cellular infiltration to deliver DNA may result in long lasting signals in vivo, which are essential for the regeneration of functional tissues.
Introduction
Tissue regeneration aims to promote the healing of diseased or injured tissue through the use of a biodegradable scaffold that supports cellular infiltration and contains bioactive signals that guide invading cells through tissue formation [1, 2] . During morphogenesis, extracellular matrix (ECM) proteins, cytokines, growth factors, cell-cell contacts and mechanical stimuli provide signals to cells that result in cell fates that, when orchestrated, result in tissue or organ formation [3] . The goal when designing scaffolds for tissue regeneration is to design an environment that remodels or changes as the cells infiltrate and proliferate so that all stages of tissue formation can be guided and that the end product is a completely natural tissue. Although peptides and growth factors are generally utilized as the bioactive signals in tissue engineering scaffolds, others and we have investigated the use of DNA delivery as an alternative or complementary approach to introduce bioactive signals into tissue engineering scaffolds [4] [5] [6] [7] [8] [9] . In this approach the cells themselves produce the protein signals through the delivery of DNA that encodes for the desired protein.
Gene delivery can be achieved with the use of modified viruses (viral delivery) or polymers (non-viral delivery) that encapsulate or condense plasmid DNA into particles that can transport the DNA inside the cell. Although viral delivery is generally more efficient than non-viral approaches, it has limitations due to its potential immunogenicity and insertion mutagenesis [10] . Because of the mentioned safety concerns, non-viral approaches have been investigated. Poly(ethylene imine) (PEI) is a cationic polymer that has been widely utilized for non-viral gene delivery. PEI is able to condense DNA through electrostatic interactions between the positively charged amines in the PEI and the negatively charged phosphates on the DNA, forming particles in the range of 50 to 200 nm [11] . DNA/PEI polyplexes enter the cell through endocytosis and are believed to be able to escape the endosome through endosomal buffering (the proton sponge effect, [12, 13] ). PEI has been successfully used in vitro and in vivo delivering DNA or siRNA to the brain [14, 15] , lungs [16] [17] [18] [19] , abdomen [20] , and tumors [21] [22] [23] .
DNA delivery from tissue engineering hydrogel scaffolds is a versatile approach to promote the expression of tissue inductive factors locally to be used as signals to promote tissue formation. Naked DNA, as well as complexed DNA, has been incorporated into hydrogel scaffolds including collagen [5] , pluronic-hyaluronic acid [24] , PEG-poly(lactic acid)-PEG [25] , engineered silk elastin [26] , fibrin [9, 27] , and PEG-hyaluronic acid [28] hydrogels. However, gene transfer efficiency remains a major limitation. We are interested in investigating gene transfer to MSCs in matrix metalloproteinase (MMP) degradable hydrogels due to their potential use to transfect MSC-like cells in vivo as they infiltrate the hydrogel scaffold. MMP-degradable hydrogels have been shown to allow cell migration through proteolytic degradation [29, 30] and to support cell growth in vivo [31, 32] and in vitro [29, 30, [33] [34] [35] . Thus, we believe that these hydrogels are interesting materials to explore the delivery of genes to MSCs as they infiltrate the hydrogel scaffold.
We previously reported on gene transfer to mouse MSCs inside MMP degradable PEG hydrogels using secreted reported plasmids [36] . However, 2D gene transfer and location of gene transfer within the hydrogel were not studied. In this report, we explored the delivery of PEI/DNA polyplexes from MMP degradable PEG hydrogels to MSCs grown on top or inside the hydrogel scaffolds using a vector encoding for both green fluorescent protein and luciferase. We wanted to determine if gene transfer could be achieved to cells seeded on top of DNA-loaded hydrogels and how long the expression lasted for. The ability to transfect cells slowly as the gel degrades and achieve long term transgene expression would increase the applicability of non-viral gene transfer for the genetic modification of cells. In the current report, we used previously established MMP-degradable hydrogels [30] [31] [32] [33] [34] [35] and the methods we developed previously to incorporate DNA/PEI polyplexes through the bulk of the matrix with high activity [36] .
Methods

Materials
Peptides GCRDGPQGIWGQDRCG (MMPxl) and Ac-GCGWGRGDSPG-NH2 (RGD) were obtained from NEOMPS (Genescript, Piscataway, NJ). ECM Gel is a comparable product to matrigel was purchased from Sigma-Aldrich (St. Louis, MO). Green fluorescent protein-luciferase expression vector (pEGFP-LUC, BD Biosciences, Palo Alto, CA) was expanded using an endotoxin free Giga Prep kit from Qiagen following the manufacturer's instructions. Linear poly(ethylene imine) (25 kg/mole, PEI) was purchased from Polysciences (Warrington, PA). All other products were purchased from Fisher Scientific unless noted otherwise.
Cell culture
Mouse bone marrow cloned mesenchymal stem cells (mMSCs, D1, CRL12424) were purchased from ATCC (Manassas, VA, USA) and cultured in DMEM (Sigma-Aldrich) medium supplemented with 10% bovine growth serum (BGS, Hyclone, Logan, Utah) and 1% penicillin/streptomycin (Invitrogen, Grand Island, NY) at 37 °C and 5% CO2. The cells were split using trypsin following standard protocols.
PEG-VS synthesis
Four-armed PEG-OH (20 kDa, Nektar, Aerogen Ltd., Galway, IE) was modified with divinyl sulfone as previously described [36] . PEG-OH was dissolved in tetrahydrofluran (THF, Aldrich/Fluka, Basel, Switzerland) under inert atmosphere and heated to reflux in a Soxhlet apparatus filled with molecular sieves for 3-4 hours. The solution was allowed to cool to the touch and sodium hydride (NaH, Fluka, Basel, Switzerland), at 5-fold molar excess over OH groups, was added followed by the addition of divinyl sulfone, at 30-fold molar excess over OH groups. The reaction was carried out at room temperature (RT) under argon atmosphere with constant stirring for 3-days. Afterwards, the reaction solution was neutralized with acetic acid, filtered, concentrated and precipitated in ice-cold diethyl ether (Acros Organics/Chemie Brunschwig AG, Basel, Switzerland). Precipitation was repeated three times to remove unreacted divinyl sulfone. The final product was dried under vacuum and stored under argon at −20°C. The degree of functionalization was confirmed with 1H NMR (in CDCl 3 ): 3.6ppm (PEG backbone), 6.1 ppm (d, 1H, CH 2 ), 6.4 ppm (d, 1H, CH 2 ), and 6.8ppm (dd, 1H, −SO 2 CH). The degree of end group conversion, as shown by NMR, was found to be 99%. Cell Seeding mMSCs cells were encapsulated using two protocols: homogeneous encapsulation, resulting in single cells throughout the hydrogel, and clustered encapsulation, resulting in a single cluster of cells inside a ECM gel clot (Figure 1 ). The cells were used between passages 3 and 10. For the homogeneously plated cells, the cells were encapsulated during gelation by mixing 45,000 cells in a 30 μL gel. The cells were mixed with the PEG-VS/polyplex solution before the crosslinker was added. For the clusters of cells, ECM gel clots were formed by resuspending D1 cells (2×10 4 cells) in 10 μL of DMEM and mixed with 10 μL ECM gel. The clusters were made by dropping 2.5 μL of the suspension onto a Teflon plate and incubating at 25 °C for 5 minutes. The clusters were incorporated into the PEG gel by placing them inside 30 μL of gel precursor solution. The resulting gel was pressed between two Teflon plates and gelled at 37°C for 30 minutes. The hydrogels were swelled in DMEM for two hours and cultured for up to 20 days in DMEM supplemented with 10% BGS and 1% PS. For cells cultured on top of the hydrogel (2D), the polyplex-loaded hydrogels were placed at the bottom of non-binding 96-well plates and mMSCs were plated (8000 cells/gel).
PEG hydrogel formation and DNA/PEI polyplex encapsulation
Gene Transfer Characterization
Gene transfer was characterized using a reporter plasmid encoding for green fluorescent protein (GFP) and luciferase. To assess the expression of GFP, inverted fluorescence microscopy was used at the indicated time points. For luciferase expression of cells cultured inside the hydrogel, cells were first collected from the hydrogel materials by degrading the gel with trypsin and then centrifuging the solution to pellet the cells. Hydrogels were degraded with trypsin by incubating the gels in a trypsin solution (0.25%) for 5 minutes and cells were recovered by centrifugation at 350g for 5 minutes. The collected cells were lysed and the luciferase activity was measured with Promega luciferase assay kit using the manufacturer's instructions and a Luminometer (Modulus, Turner Biosystems, Sunnyvale, CA). Protein concentration was measured using the Bradford reagent, Coomassie Plus (Pierce, Rockford, IL), following the manufacture's instructions.
Results and Discussion
The ability to genetically modify MSCs seeded inside synthetic hydrogel scaffolds would offer an alternative approach to protein delivery to guide their differentiation into functional tissues ex vivo. Additionally, MSC-like progenitor cells are believed to reside in most adult tissues and to be responsible for adult tissue regeneration. Therefore, the design of hydrogel materials that allow for cellular infiltration and deliver genes to infiltrating cells would be ideal to guide regeneration in vivo. In this report, we explored gene transfer to MSCs infiltrating MMP-degradable hydrogels that were loaded with DNA/PEI polyplexes. Cloned mouse bone marrow derived MSCs (D1) were used in this study as a model MSC cell type. D1 cells have similar characteristics to human MSCs and can be passaged up to 25 times under regular tissue culture conditions [37] [38] [39] [40] [41] . Cellular migration inside MMP degradable hydrogels has been demonstrated to occur primarily by proteolytic degradation of the scaffold [30] . Further, MMP activity inside MMP-degradable hydrogels has been found to be highest at the cell surfaces with MMP activity dramatically decreasing away from the cell surfaces [29] . Thus, inside MMP-degradable hydrogels cells can only degrade the gel immediately surrounding them and do not contribute to hydrogel degradation far away from their surface [29] . Gene transfer inside MMP-degradable PEG gels is, therefore, expected to occur as the cells proteolytically migrate through the hydrogel. Polyplexes will be internalized as the cells encounter them during the migration.
Two dimensional gene transfer from hydrogel scaffolds to mMSCs was assessed by plating cells directly on DNA/PEI loaded MMP degradable PEG hydrogels and gene expression was assayed for 25 days either through fluorescence microscopy ( Figure 2 ) or through luciferase activity ( Figure 5A) . We have previously shown that the encapsulated polyplexes are not released unless the hydrogel is degraded [36] . Thus, transfection only occurs after the cells degrade the scaffold and the polyplexes are released. From phase and fluorescence images it was found that at early time point the cells spreaded over the entire surface and that GFP expression was weak and not easily observed with standard fluorescence microscopy ( Figure 2, 2 days) . However, as time progresses, cells became increasingly aggregated with cells binding to each other rather than the hydrogel, and with GFP gene expression being observed in the cell aggregates (Figure 2, 10 and 12 days) . Interestingly, as the cells degraded the hydrogel, at later time points, the cells were able to spread through the entire surface and GFP gene expression was visible in a large number of cells (Figure 2, 16 and 25-days). These results indicate that initial cell attachment results through the RGDs presented at the hydrogel surface. However, as the cells proliferate the RGDs presented at the hydrogel surface becomes insufficient to mediate cell attachment and cells have more affinity for each other than for the hydrogel resulting in clumping. As the cell clumps degrade the matrix, more RGD peptides are available and the cell affinity for the matrix increases, leading to cells spread over the entire hydrogel surface and dissolution of the cell aggregates. GFP gene expression was highest at 2-days and 25-days when the number of cells was the greatest and the cells were fully spread on the hydrogel surface, indicating that the amount of DNA/PEI polyplexes released is proportional to the number of cells, the area that the cells spread on the surface. For mMSCs cultured inside the hydrogel scaffold GFP gene expression was observed starting at 8 and 15-days for cells cultured homogeneously ( Figure 3 ) and clustered (Figure 4) respectively. Gene transfer for the clustered cells is delayed because the cells must diffuse out of the cluster before they can be transfected. Extensive gene transfer at 15 and 16 days was observed for the mMSCs cultured as a cluster compared to homogeneously plated cells. For mMSCs cultured homogeneously, most rounded cells expressed GFP, which suggest that the production of GFP or the lack of cellcell contacts may induce a rounded morphology. For the cells cultured as a cluster, however, the cells expressing GFP were spread, which indicate that cell-cell contacts are important for cell spreading inside these hydrogels.
To confirm that the observed fluorescence was indeed transgene expression, the hydrogels were degraded and cells were collected to measure luciferase activity at predetermined time points. For cells plated in 2D, luciferase gene expression was greatest at day 2 and day 26 with expression lowering at 4 and 11 days ( Figure 5A ), which correlates with the GFP expression profile for the later days of culture. Although the luciferase activity at day 2 was the same as that observed at 26 days, the GFP expression was not as visible at 2 days for the same exposure time. These results indicate that the amount of GFP expression per cells is lower at 2 days than it is at 26 days resulting in less visible GFP expression at 2 days and suggest that more cells are transfected at 2 days than 26 days with each cells producing less GFP and luciferase proteins. Although we originally anticipated that the amount of cells would affect the effectiveness of gene transfer from our hydrogel scaffolds, with more cells resulting in higher transgene expression, we found no correlation of cell number with transgene expression. Even though there are many more cells cultured inside the hydrogels than on top of the hydrogel (e.g. 30,000 versus 8,000 cells), the highest amount of luciferase transgene expression observed was comparable for all the seeding approaches (~4500 RLU/ mg protein, Figure 5 ). Further, for the cells cultured in three dimensions the number of cells cultured in the cluster was much less than that in the homogeneous gel (5,000 versus 30,000 cells), but again the level of luciferase activity was similar ( Figure 5B and C) . These results suggest that the ability to internalize and process DNA/PEI polyplexes is limited for cells cultured in three dimensions. This result has been recently suggested also for cells cultured inside fibrin hydrogels loaded with lipid/DNA polyplexes [42] . Further, it suggests that when cells are seeded as a cluster, the cells are more efficient at degrading the gel, releasing the entrapped DNA and becoming transfected.
Unfortunately, it was difficult to determine the percent of cells transfected in these studies. In two dimensions, cell counting in clusters was not accurate and the low number of cells made flowcytometry analysis difficult. For the cells seeded inside the hydrogel, cell counting was even less accurate and flowcytometry analysis required the sacrifice of several hydrogels to get enough cells for accurate readings. We found that inverted fluorescence microscopy was the appropriate way to analyze GFP expression for cells seeded on or in hydrogel scaffolds. Although previously our laboratory [36] and others [29, 43] have reported green autofluorescence for cells culture in PEG hydrogels, we believe that the green fluorescence observed in this report is GFP expression because luciferase activity was also observed for these samples at similar time points. Further, the luciferase reading for untransfected cells is 50, which is at least one order of magnitude lower than that observed for the transfected samples. Although we were able to use traditional inverted fluorescence microscopy to image our hydrogel scaffolds, improvements to microscopy technology could greatly facilitate this type of research in the future. Microscopes capable of longer working distance objectives, without compromising brightness and speed would allow visualization deeper into the hydrogel scaffold. This type of technology would be of great interest to the tissue engineering community as a whole.
In conclusion, we have found that cells seeded on top of DNA/PEI-loaded enzymatically degradable hydrogel scaffolds are able to degrade the hydrogel and become transfected by the encapsulated polyplexes. Further, transgene expression was visible for up to 26 days. For cells seeded in three dimensions, the amount of transgene expression depended on the method of cell encapsulation. Cells seeded homogeneously resulted in less transgene expression than cells seeded in clusters, which suggest that matrix degradation and migration are key steps in the process of gene transfer for cell seeded inside hydrogel matrices. We believe that the ability to transfect cells slowly as the hydrogel matrix degrades could achieve the long term expression needed for the genetic modification of stem cells, without relying on the permanent insertion of the gene in the host chromosomes. PEG hydrogels were formed through Michael addition of cysteine-containing matrix metalloproteinase sensitive peptides (HS-peptide-SH, MMPxl) with 4-armed PEG-vinyl sulfone pre-modified with cell adhesion peptides (PEG-RGD). Polyplexes (DNA/PEI) were encapsulated into hydrogel matrix by mixing with the precursor solution prior to gelation. Cells were seeded on top of the gel (2D), or inside the hydrogel matrix as single cells (3D homogeneous) or as a cluster of cells (3D clustered). Gene transfer to cells seeded on top of the hydrogel scaffold (2D). mMSCs (8,000 cells) were plated on top of MMP degradable PEG hydrogels (6.0% PEG, 300μM RGD concentration, and 15μg DNA at N/P = 12). Inverted fluorescence microscopy was used to visualize the transfected cells. All fluorescent images were taken using a one second exposure time. Gene transfer to cells seeded inside of the hydrogel scaffold as single cells (3D homogeneous). mMSCs (150,000 cells) were seeded inside a 100μL MMP degradable PEG hydrogels (6.0% PEG, 300μM RGD concentration, and 15μg DNA at N/P = 12). Inverted fluorescence microscopy was used to visualize the transfected cells. All fluorescent images were taken using a one second exposure time. Gene transfer to cells seeded inside of the hydrogel scaffold as cluster (3D clustered). mMSCs (5000 cells) were clustered inside matrigel and seeded inside a 30μL MMP degradable PEG hydrogels (6.0% PEG, 300μM RGD concentration, and 15μg DNA/100μL gel at N/P = 12). Inverted fluorescence microscopy was used to visualize the transfected cells. All fluorescent images were taken using a one second exposure time. Luciferase gene expression for cells seeded on and inside of DNA/PEI loaded hydrogels. mMSCs were plated on top (A) or inside (B, C) of MMP degradable PEG hydrogels. Initial cell densities were 8,000 cells for cells plated on top (A) of the gel, 150,000/100μL of gel for cells seeded inside the gel as single cells (B) and 5,000/cluster/30μL gel for cells seeded inside the gel as clusters (C). Luciferase activity was measured after hydrogel degradation at the time points shown. The data is plotted as a mean ± standard deviation. The symbol ** represents statistical significance to the level of p < 0.001 using the Tukey multiple comparisons test.
